Diffuse large B-cell lymphoma (DLBCL) is an aggressive and heterogeneous disease comprising at least 3 major subtypes with distinct molecular, biologic, and clinical properties: activated B cell-like DLBCL (ABC-DLBCL), germinal center B cell-like DLBCL (GCB-DLBCL), and primary mediastinal B-cell lymphoma. 1,2 Although the overall cure rate for DLBCL reaches more than 50% with the current therapies such as R-CHOP (rituximab plus cyclophosphamide, hydroxydaunorubicin, oncovin, and prednisone/prednisolone), less than 40% of ABC-DLBCL patients are cured. [2] [3] [4] Therefore, new therapy approaches efficient for this and other DLBCL subtypes are highly desirable.
Introduction
Diffuse large B-cell lymphoma (DLBCL) is an aggressive and heterogeneous disease comprising at least 3 major subtypes with distinct molecular, biologic, and clinical properties: activated B cell-like DLBCL (ABC-DLBCL), germinal center B cell-like DLBCL (GCB-DLBCL), and primary mediastinal B-cell lymphoma. 1, 2 Although the overall cure rate for DLBCL reaches more than 50% with the current therapies such as R-CHOP (rituximab plus cyclophosphamide, hydroxydaunorubicin, oncovin, and prednisone/prednisolone), less than 40% of ABC-DLBCL patients are cured. [2] [3] [4] Therefore, new therapy approaches efficient for this and other DLBCL subtypes are highly desirable.
The transcription factor NF-B controls the expression of a wide range of genes involved in cell proliferation, survival, stress response, angiogenesis, and inflammation. 5, 6 NF-B activity is tightly regulated by multiple signaling pathways, and abnormal NF-B activation has been linked to cancer development and progression. [7] [8] [9] Constitutive NF-B activation has been observed in high frequency in all of the main DLBCL subtypes, especially in ABC-DLBCL, with more than 90% of the tumors showing nuclear NF-B, the hallmark of its activation. [9] [10] [11] [12] [13] [14] A recent genomic study revealed that more than 60% of ABC-DLBCLs and approximately 30% of GCB-DLBCLs harbor somatic mutations in multiple components of NF-B signaling pathways, such as the BCR, CD40, and TLR pathways. 15 Significantly, it has been demonstrated that constitutive NF-B signaling is required for the proliferation and survival of ABC-DLBCL cell lines. 11, 13, 16, 17 All of these observations suggest a primary role for constitutive NF-B signaling in the pathogenesis of DLBCL and, therefore, the NF-B signaling pathway may represent a rational therapeutic target in DLBCL. 9, 11, 18 Ubiquitination, the covalent attachment of the ubiquitin (Ub) molecule to target proteins, regulates diverse cellular processes. 19 Ubiquitination proceeds through a stepwise enzymatic cascade involving 3 classes of enzymes: a Ub-activating enzyme (E1), a Ub-conjugating enzyme (E2), and a Ub ligase (E3). The E1 enzyme activates Ub in an ATP-dependent manner and transfers the activated Ub to an E2 enzyme through the formation of a thioester bond between the carboxy terminus of Ub and the active site cysteine of the E2, generating an E2 and Ub thioester conjugate (referred to as E2ϳUb). The E2 then cooperates with an E3 to attach the Ub to a lysine residue of a substrate. Ub itself can serve as a substrate and the process can undergo multiple rounds, resulting in the formation of polyubiquitin chains. 19, 20 Because Ub has 7 lysine residues and any one of them can be conjugated to another Ub, polyubiquitin chains of different linkages with distinct functional properties are formed in cells. For example, lysine 48 (K48)-linked polyubiquitin chains typically target substrates for proteasomal degradation, whereas K63-linked polyubiquitin chains function as scaffolds to assemble protein complexes in NF-B signaling and DNA repair. [21] [22] [23] [24] Ubc13 (also known as UBE2N) is the active subunit of an E2 enzyme that catalyzes the synthesis of K63-linked polyubiquitin chains. It functions together with one of its 2 cofactors, Uev1A (UBE2V1) and Mms2 (UBEV2), E2 variants that lack the active-site cysteine residues. 20, 23 In response to the engagement of membrane receptors such as TLR and TCR, Ubc13-Uev1A, in conjunction with the E3 enzyme TRAF6, catalyzes the formation of K63-linked polyubiquitin chains that interact with both TAK1 and IKK complexes and thereby bring these 2 kinases into proximity. Consequently, the activated TAK1 phosphorylates and activates the IKK complex, which in turn phosphorylates IB proteins, leading to IB protein degradation and subsequent NF-B activation. 21, 22 In complex with the Mms2 cofactor, Ubc13 promotes the K63-linked ubiquitination at sites of DNA double-strand breaks, leading to the recruitment of repair proteins to the DNA lesions. 23, 24 In addition to participating in NF-B activation and DNA doublestrand break repair, Ubc13 regulates other cellular processes, including nuclear localization of the tumor suppressor p53 protein and MAPK activation. 25, 26 Given the in vivo function of Ubc13, the potential of targeting this E2 enzyme has been proposed, and several compounds that inhibited the complex formation between Ubc13 and Uev1A have been described previously. 27, 28 The utility of these compounds for the development of therapeutics, however, has been questioned because of their chemical properties. 29 Chronic active BCR signaling, 11 together with MYD88-medated signaling, 13 is largely responsible for the constitutive NF-B activity in ABC-DLBCL cells and controls the proliferation and survival of these cells. Therefore, inhibition of this pathway may provide new therapeutic strategies. Indeed, small-molecule inhibitors of kinases, such as Syk and PKC-␤, which mediate NF-B activation in the BCR signaling pathway, 30, 31 have been tested in clinical trials with some efficacy. 32 Because both Syk and PKC␤ function upstream of the CARMA1 (CARD11)-BCL10-MALT1 (CBM) complex in the pathway, 30, 31 inhibition of these kinases may have little effect on the constitutive NF-B activation in more than 10% of DLBCLs that harbor mutations in the CBM complex. 10, 12, 15, 33 We have devised a cell-based assay to screen compound libraries for small molecules that inhibit PKC␤ signaling. In the present study, we report that one of the identified compounds, NSC697923, specifically inhibits the activity of Ubc13-Uev1A. We show that this compound impedes NF-B activation in ABC-DLBCL cells and demonstrate that the compound inhibits the proliferation and survival of both ABC-DLBCL and GCB-DLBCL cell lines and survival of primary DLBCL cells. In addition, consistent with the observations from our studies on the compound, we show herein that knockdown of Ubc13 expression induces cell death of DLBCL cells. These findings suggest that Ubc13-Uev1A may be an attractive therapeutic target for DLBCL therapy. Compound NSC697923 may be a valuable pharmacologic agent for studying the functions of Ubc13 and may be explored for the development of therapeutic agents targeting Ubc13-Uev1A.
Methods

Cells, chemical compounds, and antibodies
HEK293T cells were grown in DMEM supplemented with 10% FBS. The DLBCL cell lines SUDHL-6, OCI-Ly3, OCI-Ly7, OCL-Ly10, and HBL-1 were cultured as described previously. 16, 34 RAW264.7 cells were cultured in ␣-MEM medium supplemented with 10% FBS. Mouse embryo fibroblasts were prepared from day 14 embryos and those with less than 4 passages were used for the experiments described herein. Primary DLBCL cells were prepared from fresh patient tumor specimens. Tumors were washed in sterile PBS, mechanically disrupted, and filtered through a 75-m nylon cell strainer to make a single-cell suspension. The primary DLBCL cells that remained alive after being cultured for 7 days were used for the experiments described herein. All procedures with primary DLBCL cells were carried out with a protocol approved by the University of Rochester Research Subjects Review Board.
Phorbol 12-myristate 13-acetate (PMA) and lipopolysaccharide (LPS) were from Sigma-Aldrich. TNF␣ and RANKL were from PeproTech. Compound NSC697923 was obtained from the National Cancer Institute (NCI) Developmental Therapeutic Program. Methyl 5-nitro-2-furoate, nitrofuroxazide, nitrofurantoin, furazolidone, nitrofurazone, and nitrofuroxime were purchased from Fisher Scientific. The compounds were dissolved in DMSO, and controls contained the same amounts of this solvent used for the highest tested concentrations of NSC697923. Antibodies specific for phospho-IB␣ (2859), phospho-IKK␣/␤ (2694), and cleaved caspase 3 (9661) were from Cell Signaling Technology. Antibodies specific for IB␣ (sc-371), IKK␣ (sc-7605), Mcl-1 (sc-819), actin (sc-1616), Ub (sc-8017), Uev1A (sc-47 556), PARP (sc-7150), and caspase 3 (sc-748) were from Santa Cruz Biotechnology. p100/p52 antibody (05-361) was from Upstate Biotechnology. Anti-Ubc13 (37-1100) and anti-UbcH5 (A-615) were from Invitrogen and Boston Biochem, respectively. Anti-GST was kindly provided by Dr Ed Harlow (Harvard Medical School, Boston, MA).
Generation of the NF-B-luciferase reporter cell line
HEK293T cells were transfected with the pNF-B luciferase reporter construct, which contains 4 copies of the NF-B-binding site upstream of the coding sequence for firefly luciferase, together with the pBabe-puro for selection. Individual clones, selected with 1.5 g/mL of puromycin, were assessed for NF-B-luciferase reporter activation by TNF␣ and PMA. A responsive clone was then infected with a lentivirus expressing green fluorescent protein (GFP), and the resulting 293T cells, referred to as 293T-NF-luc cells, carrying the stably integrated NF-B-luciferase reporter and constitutively expressing GFP were used for compound screening.
Compound library and compound screening
The NCI Mechanistic Set, which consists of 879 selected small-molecule compounds, was obtained from the NCI Developmental Therapeutic Program. For compound screening, 293T-NF-luc cells were seeded in 96-well plates at 30 000 cells per well in 100 L of DMEM supplemented with 10% FBS and incubated overnight. Compounds in 100 L of culture medium were then added into each well at a final concentration of 2M 1.5 hours before the addition of PMA (100 ng/mL) or TNF␣ (10 ng/mL). Six hours after stimulation by PMA/TNF␣, the cells were lysed in a solution containing 50mM HEPES, pH 7.4, 250mM NaCl, 1% NP40, 10% glycerol, and 1mM DTT. After lysis, the green fluorescence of the lysates was measured using a PerkinElmer Victor 2 Multilabel counter. Firefly luciferase activity of the lysates was assayed using the Promega luciferase assay reagents following the manufacturer's instructions, and normalized to the green fluorescence readings, which were directly proportional to the cell numbers in the wells under our experimental conditions.
Preparation of GST-Ubc13 and GST-TRAF6 proteins
A plasmid expressing GST-Ubc13 was constructed by cloning the fulllength human Ubc13 coding sequence generated by PCR using pFlagCMV2-UbcH13 (Addgene) as the template into a pGEX vector (Amersham). The construct was verified by DNA sequencing. The plasmid pGEX-TRAF6, which expresses the GST-TRAF6 fusion protein, 35 was kindly provided by Dr Bryant Darnay (M D Anderson Cancer Center, Houston, TX). GSTUbc13 and GST-TRAF6 fusion proteins were expressed in Escherichia coli BL21 and purified with glutathione-agarose beads (Sigma-Aldrich), as described previously. 36 
In vitro ubiquitination assay
The purified recombinant proteins used in the in vitro ubiquitination reactions were all purchased from Boston Biochem, except GST-TRAF6, which was expressed and purified as described earlier in this study. The reactions were carried out at 37°C for 40 minutes in a buffer containing 50mM Tris-HCl, pH 7.5, 5mM MgCl 2 , 200M ATP, 120M Ub (U-100H), and 0.1M E1 (E-304). For Ubc13-mediated Ub chain synthesis, the reaction mixture included 0.2M Ubc13 (E2-600) and 0.2mM Uev1A (E2-662) with or without GST-TRAF6. For UbcH5c-catalyzed ubiquitination, UbcH5c (E2-627) instead of Ubc13 and Uev1A was used in the reaction. Compound NSC697923 was added into the reaction mixtures at the indicated concentrations. The reactions were terminated with an equal volume of SDS-PAGE sample buffer and the products were analyzed by Western blotting with a Ub-specific antibody.
For detecting the E2-Ub (Ubc13ϳUb or UbcH5cϳUb) thioester conjugates, the reactions were carried out as described in "In vitro ubiquitination assay" without GST-TRAF6. The reactions were terminated by the addition of the SDS-PAGE sample buffer without a reducing agent unless specified. The products were analyzed by Western blotting with an anti-Ubc13 or anti-UbcH5c antibody.
Assay for in vitro interaction between Ubc13 and Uev1A
GST-Ubc13 bound on glutathione-agarose beads was incubated with cell lysates prepared from OCI-Ly10 cells with or without the presence of NSC697923 at 4°C for 1 hour. The beads were washed 3 times with the lysis buffer (50mM Tris-HCl, pH 8.0, 250mM NaCl, 5mM EDTA, 1mM DTT, 0.2% NP-40, 5% glycerol, 0.4mM AEBSF, 0.5mM benzamidine-HCl, 5 g/mL of leupeptin, 5 g/mL of aprotinin, 5 g/mL of pepstatin, 10mM NaF, 0.1mM Na 3 VO 4 , and 50mM ␤-glycerophosphate). The amounts of GST-Ubc13 and Uev1A proteins bound to the beads were then analyzed by Western blotting.
Analyses of cell viability, apoptosis, and cell-cycle progression
Cell viability was measured by trypan blue exclusion assay (Invitrogen) following the manufacturer's instructions. Apoptosis was assayed using the 7-amino-actinomycin D (7AAD)-annexin V apoptosis kit (BD Biosciences) as described previously. 34 Analysis of the cell-cycle distribution of the treated cells was carried out with propidium iodide and bromodeoxyuridine double staining as described previously. 37 
Suppression of Ubc13 expression by RNA interference
The lentiviral pGIPZ constructs expressing an shRNAmir for human Ubc13 (shUbc13, RHS4430-98818339) or a nonsilencing shRNAmir (shControl, RHS4346) were purchased from Open Biosystems. Production of pseudotyped lentiviruses for shRNA expression was carried out in 293TN cells (System Biosciences) by cotransfection of pGIPZ with the viral-packing plasmids (Thermo Fisher). Cell culture supernatants were collected at 48 and 72 hours after transfection and filtered (0.45-m filter). The viruses were then concentrated by centrifugation at 66 188g (Beckman SW28 rotor) for 2 hours and the virus pellets were resuspended in a small volume of the desired culture medium. OCI-Ly10 or OCI-Ly7 cells were infected with the lentiviruses expressing shControl and shUbc13, respectively. Sixty-eight hours after transfection, the infected cells expressing GFP from the pGIPZ vector were sorted and grown in their respective culture medium. The expression of Ubc13 was determined by Western blotting and the cell viability at the indicated times was analyzed as described in "Analyses of cell viability, apoptosis, and cell-cycle progression."
Results
Screening for selective small-molecule compound inhibitors of NF-B activation
To screen for compounds that inhibit NF-B activation, we established a 293T-derived cell line that carries a stably integrated NF-B signaling responsive luciferase reporter. Because the phorbol ester PMA, a potent PKC activator, induces NF-B activation through a PKC-mediated pathway that relies on the CARMA1-BCL10-MALT1 complex, 38, 39 compounds that inhibit PMAinduced NF-B activation may impede NF-B activation induced by chronic active BCR signaling. We therefore set out to identify such compounds through compound library screening using inhibition of PMA-induced luciferase activity in the 293T-NF-luc cells as the readout. Our goal was to identify compounds with some selectivity, rather than a general inhibitor of NF-B activation such as an IKK inhibitor, because a nonselective inhibition of NF-B activity might generate severe side effects. To eliminate such compounds, we devised a counter screening in which compounds initially identified from the primary screening were tested for their effect on TNF␣-induced NF-B activation. Compounds that inhibit PMA-induced, but not TNF␣-induced, NF-B activation could be selective NF-B pathway inhibitors.
We screened the NCI Mechanistic Set at a final concentration of 2M. In the primary screening, 109 compounds inhibited PMAinduced NF-B activation by more than 50%. These compounds were then tested for their inhibition on NF-B activation induced by TNF␣ in parallel with their effect on PMA-induced NF-B activation. Of these, 5 compounds inhibited PMA-induced, but not TNF␣-induced, NF-B activation in the reporter assay. One of the compounds, NSC697923, reproducibly exhibited selective inhibitory effect on NF-B reporter activation and on endogenous NF-B activation (Figure 1 ). Whereas NSC697923 inhibited PMAinduced NF-B activation, it had no inhibitory effect on PMAstimulated ERK activation (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article), indicating that this compound is a selective inhibitor for NF-B activation rather than a general inhibitor of PMA-mediated signaling. 
Structure-activity relationship analysis
To probe the structural basis for the action of NSC697923, we examined whether several related analogs of this compound, which are available from the NCI, had a similar inhibitory property. Compounds that contain a nitrofuran moiety inhibited PMAinduced NF-B activation, whereas the compounds without this group had no such inhibitory activity (Figure 2A-B) , suggesting that the nitrofuran moiety is important for NF-B inhibition by NSC697923. To further understand the relevance of nitrofuran group in the inhibition of NF-B activation, we evaluated a panel of commercially available nitrofuran-containing compounds. Only some of these compounds showed an inhibitory effect on PMAinduced NF-B activation ( Figure 2C-D) , indicating that an additional structural domain in NSC697923, apart from the nitrofuran moiety, is critical for its NF-B-inhibitory activity.
Compound NSC697923 inhibits NF-B activation by multiple stimuli
To determine the selectivity of NSC697923 further, we examined the effect of the compound on NF-B activation induced by other stimuli. In addition to inhibiting PMA-induced NF-B activation, NSC697923 inhibited IB␣ phosphorylation by both RANKL and LPS ( Figure 3) . Therefore, the inhibitory activity of this compound is not limited to PMA-induced NF-B activation; rather, the compound inhibits NF-B activation by multiple, albeit not all, stimuli.
NSC697923 is an inhibitor of the Ub-conjugating enzyme (E2) complex Ubc13-Uev1A
Given that the Ub-conjugating (E2) enzyme Ubc13-Uev1A complex is involved in NF-B activation by multiple stimuli, including PMA, RANKL, and LPS, but not in the TNF␣-induced NF-B activation in some cells, 21, 22 we reasoned that compound NSC697923 might inhibit the function of this E2 enzyme. Ubc13-Uev1A, together with a Ub-activating enzyme (E1), can catalyze the synthesis of K63-linked polyubiquitin chains without an E3 in vitro. 28 Therefore, we investigated whether NSC697923 has any effect on Ubc13-Uev1A-mediated polyubiquitin chain synthesis in an in vitro assay. As shown in Figure 4A , the compound inhibited polyubiquitin chain formation catalyzed by the Ubc13-Uev1A complex in a dose-dependent manner. Although Ubc13-Uev1A can catalyze Ub chain formation without an E3 enzyme, the efficiency of polyubiquitin chain synthesis is greatly enhanced in the presence of an E3 such as TRAF6. 40 Therefore, we also examined the effect BLOOD, 23 AUGUST 2012 ⅐ VOLUME 120, NUMBER 8 For personal use only. on September 13, 2017. by guest www.bloodjournal.org From of NSC697923 on Ub chain formation catalyzed by Ubc13-Uev1A together with TRAF6. The ubiquitination reaction in the presence of TRAF6 was similarly inhibited by NSC697923 in a dosedependent manner ( Figure 4B) .
To investigate the specificity of NSC697923, we examined the effect of this compound on polyubiquitin chain synthesis mediated by UbcH5c, which has high sequence homology to Ubc13 and can also catalyze the lysine 63-linked polyubiquitin chain formation in conjunction with TRAF6. 41 In contrast to the inhibition of Ubc13-Uev1A-catalyzed ubiquitination, the UbcH5c-mediated polyubiquitin chain formation was not inhibited by NSC697923 ( Figure  4C ). Therefore, NSC697923 is a selective inhibitor of Ubc13-Uev1A, rather than a general inhibitor of ubiquitination.
NSC697923 inhibits the formation of the Ubc13-Ub thioester conjugate
Having shown that NSC697923 is an inhibitor of the Ubc13-Uev1A E2 enzyme, we next explored the mechanism of inhibition by this compound. Because both Ubc13 and UevA1 subunits are essential for the K63-linked polyubiquitin chain synthesis catalyzed by this E2 enzyme, 20, 23 NSC697923 could inhibit Ubc13-Uev1A function by blocking the dimer formation of these 2 subunits. To test this possibility, we examined the effect of NSC697923 on the interaction between Ubc13 and Uev1A in a GST pull-down assay. The compound showed no inhibitory effect on the complex formation between Ubc13 and Uev1A ( Figure 4D) . A critical step in ubiquitination is the formation of a thioester bond between Ub and the active site cysteine of an E2. This conjugate, E2ϳUb, is the active form of an E2 enzyme and an essential intermediate for the transfer of Ub to substrates. 20, 23 We therefore investigated whether NSC697923 has any effect on Ubc13ϳUb formation. Whereas the Ubc13ϳUb conjugate was readily detectable in an in vitro reaction consisting of an E1, Ubc13-Uev1A, Ub, and ATP, formation of this thioester conjugate was inhibited by NSC697923 ( Figure 4E ). Consistent with the observation that UbcH5c-mediated ubiquitination is not blocked by NSC697923, formation of the UbcH5cϳUb conjugate was also not inhibited by this compound ( Figure 4F ). Therefore, NSC697923 specifically inhibits the formation of Ubc13ϳUb conjugate and thereby selectively suppresses Ubc13-mediated ubiquitination.
NSC697923 inhibits constitutive NF-B signaling in ABC-DLBCL cells
Because Ubc13 is involved in NF-B activation by multiple signaling pathways, and because NSC697923 inhibits Ubc13 activity, we investigated whether NSC697923 inhibits the constitutive NF-B pathway activity in ABC-DLBCL cells. We first examined the effect of this compound on the formation of the Ubc13ϳUb conjugate in these cells. Similar to what has been observed in vitro, NSC697923 inhibited the formation of the Ubc13ϳUb conjugate ( Figure 5A ) in OCI-Ly10 cells, an ABC-DLBCL cell line, suggesting that the compound also inhibits (E) NSC697923 inhibits the formation of the Ubc13ϳUb thioester conjugate. The assay was carried out as described in panel A, except that the loading buffer for SDS-PAGE gel contained no reducing agents unless otherwise specified and the reaction was analyzed by Western blotting with a Ubc13-specific Ab. (F) Formation of the UbcH5cϳUb conjugate is not inhibited by NSC697923. The assay was carried out as in panel E, except that UbcH5c instead of Ubc13 and Uev1A was used in the reaction and a UbcH5c-specific Ab was used for Western blot analysis.
Ubc13 function in DLBCL cells. We next examined the effect of the compound on NF-B activation. NSC697923 inhibited phosphorylation of IKK and IB␣ in OCI-Ly10 cells ( Figure 5B ), indicating that the compound impeded NF-B activation in these cells. Consistently, expression of p100 and Mcl-1, known NF-B targets, 42, 43 was inhibited in OCI-Ly10 cells treated with the compound ( Figure 5B) . Therefore, the results indicate that NSC697923 inhibits the constitutive NF-B signaling in ABC-DLBCL cells.
NSC697923 inhibits the proliferation and survival of ABC-DLBCL cells
Because NSC697923 inhibits NF-B activation in ABC-DLBCL cells, which depend on constitutive NF-B activity for growth, 9, 16, 17 we investigated the effect of this compound on the proliferation and survival of these cells. Consistent with the observation that ABC-DLBCL cells rely on constitutive NF-B activity for proliferation and survival, NSC697923 induced proliferation arrest and cell death of ABC-DLBCL cells, including OCI-Ly3 cells, which carry a mutated CARMA1 (CARD11) and lacking PKC␤ expression, 12, 33 as judged by a dramatic decrease of live cells and a marked increase of dead cells ( Figure 5C ). Treatment of OCI-Ly10 cells with the compound resulted in activation of caspase 3, cleavage of PARP, and an increase in annexin V-positive cells ( Figure 5D -E), all hallmarks of apoptosis. 34 Therefore, NSC697923 induces apoptosis in ABC-DLBCL cells.
To confirm that NSC697923 indeed inhibits proliferation, we examined the effect of NSC697923 on cell-cycle progression of OCI-Ly10 cells. Because long treatment of ABC-DLBCL cells with NSC697923 leads to massive cell death ( Figure 5C -E) and may thus interfere with cell-cycle analysis, we carried out cellcycle progression analysis with a short (5-hour) treatment. Treatment of OCI-Ly10 with the compound resulted in a marked decrease of cells in the S phase ( Figure 5F ), verifying that NSC697923 inhibits cell-cycle progression in ABC-DLBCL cells. 
NSC697923 also inhibits proliferation and survival of GCB-DLBCL cells
The observation that NSC697923 inhibited the proliferation and survival of ABC-DLBCL cells prompted us to investigate whether this compound has similar inhibitory effects on GCB-DLBCL cells, which are independent of NF-B activity for growth. 16, 17 As shown in Figure 6 , NSC697923 also inhibited proliferation and survival of OCI-Ly7 and SUDHL-6, 2 GCB-DLBCL cell lines. Therefore, NSC697923 apparently blocks an essential pathway other than NF-B signaling in GCB-DLBCL cells, possibly reflecting an NF-B-independent function of Ubc13-Uev1A in these cells.
NSC697923 reduces the viability of primary DLBCL cells
In addition to the DLBCL cell lines, we tested the effect of NSC697923 on the survival of primary DLBCL cells. We obtained primary DLBCL cells from 2 of the tested DLBCL patient samples that were able to grow for more than 7 days in an in vitro culture condition. Treatment of these primary DLBCL cells with the compound resulted in an increase in annexin V-positive (apoptotic) cells (Figure 7 ), indicating that NSC697923 also induces apoptosis of primary DLBCL cells.
Knockdown of Ubc13 inhibits constitutive NF-B signaling and cell survival of ABC-DLBCL cells
Our studies on NSC697923 suggested that Ubc13 plays a crucial role in the proliferation and survival of DLBCL cells. To test this possibility further, we examined whether Ubc13 expression is required for constitutive NF-B signaling and the survival of ABC-DLBCL cells. We used the miRNA-derived shRNA from a lentiviral vector to knock down the expression of Ubc13 (Figure 8A) . Consistent with the results of NSC697923 treatment, suppression of Ubc13 expression led to inhibition of IKK activation and NF-B target expression ( Figure 8B) , as well as a dramatic increase in the cell death of OCI-Ly10 cells (Figure 8C-D) , supporting the notion that Ubc13 is essential for constitutive NF-B activation and survival of ABC-DLBCL cells. We also explored the effect of Ubc13 knockdown on the growth of GCB-DLBCL cells. Despite our repeated efforts, only a partial (approximately 40%-50%) suppression of Ubc13 expression in GCB-DLBCL cells was achieved with the available shRNA constructs (supplemental Figure 2A and data not shown). Consistent with the idea that Ubc13 is crucial for the proliferation of DLBCL cells, OCI-Ly7 cells with decreased Ubc13 expression displayed a reduced growth rate (supplemental Figure 2B) .
Discussion
Despite recent advances in treatment, a significant proportion of DLBCL patients, especially ABC-DLBCL patients, still die of this malignancy. 3, 4, 44 The development of new therapies targeting pathways essential for the proliferation and survival of both the ABC subgroup and the GCB subtype may improve clinical outcome. In the present study, we report the identification of a small-molecule compound inhibitor of the Ub-conjugating (E2) enzyme Ubc13-Uev1A and demonstrate that this compound, NSC697923, induces proliferation arrest and apoptosis in both ABC-DLBCL and GCB-DLBCL cell lines, as well as apoptosis in primary DLBCL cells. These results, together with the observation that Ubc13 knockdown inhibits the proliferation and survival of DLBCL cells, indicate that Ubc13 is crucial for the proliferation and survival of DLBCL cells. Therefore, Ubc13/Uev1A may represent a potential therapeutic target for DLBCL.
Our studies herein demonstrate that NSC697923 is a specific inhibitor of Ubc13-Uev1A, which acts through inhibiting the formation of the Ubc13ϳUb conjugate. Structure-activity relationship analysis suggested that the nitrofuran group is important, but not sufficient, for the inhibition of Ubc13 activity. Interestingly, several nitrofuran-containing pyrazolidine compounds were shown to inhibit the activity of the Ub-activating enzyme (E1), but not E2, by blocking the formation of the E1ϳUb conjugate. 45, 46 Therefore, it may be possible that the nitrofuran moiety of these pyrazolidine compounds and NSC697923 interfere with the thioester bound formation between the Ub molecule and the active-site cysteine residue of an E1 or E2 enzyme, whereas the remaining structures of these compounds direct them to a specific ubiquitination enzyme.
NSC697923, through the inhibition of the Ubc13-Uev1A enzyme, may impede cell proliferation and survival of DLBCL cells by several distinct mechanisms. The cytotoxic effect of NSC697923 on ABC-DLBCL cells likely results in part from the inhibition of NF-B signaling, which is known to be essential for the proliferation and survival of these cells. 11, 13, 16, 17 Because Ubc13 negatively regulates nuclear localization of p53, 26 which can inhibit both cell proliferation and survival, 47 NSC697923 may also exert its effect through p53 activation. Indeed, we observed that NSC697923 treatment increased the nuclear level of p53 protein and p21 expression in OCI-Ly10 cells (supplemental Figure 3A) . Consistently, knockdown of Ubc13 expression in OCI-Ly10 cells resulted in increased expression of p21 and GADD45 (supplemental Figure 3B ), known p53 targets, supporting the idea that inhibition of Ubc13 induces p53 activation in ABC-DLBCL cells. NSC697923 is also toxic to GCB-DLBCL cells ( Figure 6 ) such as OCI-Ly7 cells, which are independent of NF-B activity for proliferation and survival 16, 17 and lack functional p53. 48 This observation indicates that NSC697923 may inhibit the proliferation and survival of GCB-DLBCL cells through a mechanism independent of NF-B and p53 signaling. One potential target of NSC697923 in these cells may be the MAPK pathway(s), which depends on Ubc13 for activation induced by several stimuli in mouse B cells. 25 Therefore, inhibition of Ubc13 may affect multiple cellular processes, in addition to NF-B signaling, in DLBCL cells that are essential for the proliferation and survival of these cells.
Our observations indicate that therapeutic targeting of Ubc13 may provide a promising treatment for DLBCL. NSC697923 inhibited the proliferation and survival of OCL-Ly3 cells ( Figure  5C ), suggesting that inhibition of Ubc13 may also offer an effective treatment for DLBCLs with oncogenic mutations in the CBM complex and those resistant to PKC␤ inhibition. 10, 12, 15, 33 Therefore, inhibition of Ubc13 may provide a potential advantage over targeting components upstream of the CBM complex. Moreover, because Ubc13 plays a critical role in DNA double-strand break repair, 24 inhibition of Ubc13 may sensitize cancer cells to radiation therapy or chemotherapy. Indeed, we found that NSC697923 inhibited recruitment of DNA-repair proteins to the sites of DNA double-strand breaks in mammalian cells (supplemental Figure 4) and exhibited an additive cytotoxic effect on DLBCL cells with CHOP (cyclophosphamide, hydroxydaunorubicin, oncovin, and prednisone/prednisolone) agents (supplemental Figure 5) . Inhibitors of Ubc13 can thus be potentially used either as a single agent or in combination with CHOP agents in DLBCL treatment. The development of therapeutic strategies targeting Ubc13 may provide clinical benefits for DLBCL patients. Our studies on NSC697923 may be explored for this purpose. Other B-cell diseases such as autoimmune diseases may also rely on active NF-B signaling 49 and inhibitors of Ubc13 may be beneficial for the treatment of these diseases as well.
Because the constitutive NF-B activity in ABC-DLBCL cells is primarily controlled by chronic BCR signaling, 11 the observation that NSC697923 inhibited NF-B activation in these cells ( Figure  5B ) suggests that Ubc13-Uev1A may play a role in this signaling pathway. Consistent with this view, NSC697923 inhibited NF-B activation induced by PMA (Figures 1 and 3) , an activator of PKC␤ that is essential for BCR-induced NF-B activation. 33 In addition, a previous study reported that Ubc13 deficiency impairs PMAinduced NF-B activation. 50 However, the conditional deletion of Ubc13 in normal mouse B cells apparently had little effect on BCR-induced NF-B activation. 25 Therefore, Ubc13 may have acquired a lymphoma-specific role in chronic BCR signaling. Alternatively, the reported lack of effect of Ubc13 deficiency on NF-B activation in mouse B cells might be because of the incomplete deletion of Ubc13 in these cells, 50 given that Ubc13 was shown to be required for NF-B activation induced by TCR signaling, which shares extensive similarities with the BCR signaling pathway. 50 One concern for targeting Ubc13 are the potential side effects that it may generate, because Ubc13 is involved in multiple signaling pathways and has been shown to play crucial roles in mouse embryo development and hematopoiesis. 25, 51 Interestingly, NSC697923 (and knockdown of Ubc13) has much less toxic effects on the proliferation and survival of several other types of cells, such as breast cancer and osteosarcoma cells, compared with its effect on DLBCL cells (supplemental Figure 6 and data not shown). It thus appears that not all cells depend on Ubc13 for survival, thereby providing a potential opportunity to target this E2 enzyme in DLBCL with tolerable side effects. Nevertheless, future research, including in vivo studies, is required to comprehensively address the feasibility of targeting Ubc13 as a therapeutic strategy for DLBCL.
